The aim of this study was to evaluate a modified UKPDS risk engine in order to establish a risk prediction benchmark for the general diabetes population. Methods: Data sources were summary demographic and risk factor data from the major type 2 diabetes mellitus outcomes studies, including ACCORD, ADVANCE, VADT, RECORD, PROactive, ADOPT, and BARI 2D. Patients in these studies spanned a wide spectrum of disease, from drug-naïve to insulin-dependent. Cardiovascular events/major adverse coronary events (CVE/MACE) were primary or safety end points. Overall observed rates for cardiovascular events/MACE were summarized, and the observed annualized event rates were calculated using linear approximation. Simulation studies were then conducted using original (cardiovascular history excluded) and modified (cardiovascular history included) United Kingdom Prospective Diabetes Study (UKPDS) models; the predicted event rates were then compared with the observed event rates for all studies. The consistency of the predicted rates derived from each model was then evaluated using descriptive statistics and linear regression. Results: The original UKPDS model tended to overestimate event rates across studies. The ratio of predicted events versus observed MACE ranged from 0.9 to 2.0, with mean of 1.5 ± 0.4 and a coefficient of variation of 26% (R 2 = 0.80). However, cardiovascular risk predictions were more precise using a modified UKPDS model; the ratio of predicted versus observed MACE events ranged from 1.8 to 2.4, with a mean of 2.1 ± 0.25 and a coefficient of variation of 13% (R 2 = 0.94). Conclusion: A modified UKPDS model which includes adjustments for prior cardiovascular history has the potential for use as a tool for benchmarking and may be useful for predicting cardiovascular rates in clinical studies. This modification could be further evaluated, recalibrated, and validated using patient-level information derived from prospective clinical studies to yield greater predictability.
Introduction
Type 2 diabetes mellitus (T2DM) confers a 2-4-fold increased risk of macrovascular disease relative to nondiabetic individuals. 1, 2 Accordingly, the goals of lifestyle modification, and therapeutic intervention when required, are to improve those risk factors known to be important in improving macrovascular outcomes. Several recently published outcomes studies have evaluated macrovascular events for various treatment options. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Further, various regulatory agencies, including the United States Food and Drug Administration, have generated guidelines for the development of novel medications in the treatment of T2DM to ensure that these agents, in addition to improving This article was published in the following Dove Press journal: Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 11 July 2013 Number of times this article has been viewed indices of glycemic control, provide adequate evidence for cardiovascular safety. 13 Predictive measures of macrovascular risk for use in prospectively designed studies have been generated based on cardiovascular risk models developed from epidemiologic studies, such as the Framingham Heart, 14 Hoorn, 15 DECODE (Diabetes Epidemiology: Collaborative analysis of Diagnostic criteria in Europe), 16 and Fremantle Diabetes 17 studies, as well as from prospectively designed outcomes studies. The United Kingdom Prospective Diabetes Study (UKPDS) was the first to examine cardiovascular risk in subjects with T2DM. The UKPDS risk engine has been considered a useful tool for assessing cardiovascular risk and identifying highrisk individuals among newly diagnosed patients having no previous history of cardiovascular disease. 18, 19 However, the generalizability of the UKPDS model for use in the broader population of subjects with T2DM may be limited, because utilization of the UKPDS risk engine, when applied to other individual outcomes studies, tended to overestimate the macrovascular event rate. 15 Furthermore, overestimation of rates tended to vary between outcomes studies, rendering prospective risk prediction modeling a challenge. 20 While the inconsistency of prediction of the UKPDS model has been observed within individual studies, the pattern of prediction across different studies including a broader spectrum of patient populations has not been evaluated. Accordingly, the purpose of the present study was to explore the hypothesis that the UKPDS risk engine, when applied across a broad population of subjects with T2DM derived from several major outcomes studies, would generate a more consistent prediction of event rates. A model modification strategy for improving the predictability of the UKPDS risk engine to allow for differences in duration of diabetes and risk factors for cardiovascular disease was also evaluated. The results provided herein suggest that event rate prediction based on the modified UKPDS model could be used as a benchmark for more accurate prediction of event rates in prospectively designed clinical trials.
Materials and methods

UKPDS and selected outcome studies: harmonization of event definitions
The UKPDS risk engine included two risk equations for coronary heart disease 19 and stroke 18 (Appendix 2A). Coronary heart disease was defined as the occurrence of fatal or nonfatal myocardial infarction (MI) or sudden death, verified by two independent clinical assessors. The definition of stroke included fatal and nonfatal stroke. 22, 23 and BARI 2D (Bypass Angioplasty Revascularization Investigation in Type 2 Diabetes). 5, 11 In each of these studies, specific cardiovascular outcomes were combined into a common descriptor as major adverse cardiac events (MACE), either as the primary safety end point or key safety end point. MACE generally included nonfatal MI, stroke, and cardiovascular death (including acute MI, heart failure, stroke, pulmonary embolism, and cardiovascular procedure-related); the definition of MACE is essentially equivalent to the UKPDS definition of coronary heart disease (which includes nonfatal MI, and death from MI, heart failure, and others) and stroke (Appendix 1). For modeling purposes in this study, only the first event was considered in patients experiencing multiple events. Hence, the event rate predictions for the composite end point (MACE) were approximated as the sum of event rates for the UKPDS coronary heart disease and stroke models.
UKPDS risk factors: models of coronary heart disease and stroke
The baseline risk factor estimates for the coronary heart disease and stroke models, along with their corresponding risk equations, are provided in Appendices 2-4.
Model evaluation using data from outcome studies
To apply the UKPDS model to each of the outcome studies, the following analytical procedures were performed: the population means (standard deviation) of the demographics and risk factor data were summarized and subsequently used for model evaluation using simulation (patient-level data were not used as source data for this analysis); the overall observed rates for cardiovascular events/MACE were summarized, and the observed annualized event rates were calculated using linear approximation (given the observation that the overall event rate was low); and simulation studies were conducted using both the original and modified UKPDS models (see below). Predicted event rates were compared with observed event rates for each of the outcome studies.
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Model assumptions
In the original UKPDS model, risk factors including glycated hemoglobin (HbA 1c ), systolic blood pressure (BP), total cholesterol, high-density lipoprotein, and age in years at diagnosis of diabetes were measured within 1-2 years of patient diagnosis; these risk factors may have changed over the course of the study as a consequence of disease progression or treatment intervention. In contrast, the T2DM subjects included in the selected outcome studies were 7 to more than 11 years post-diagnosis, with risk factors measured at study initiation as a baseline measure. Accordingly, for the purpose of model development, it was assumed that the values for HbA 1c , systolic BP, total cholesterol, and high-density lipoprotein did not change from the time of diagnosis for the study duration, and were used as model inputs. Age at diagnosis was obtained by subtracting the duration of disease from the current age. Event rate for the duration of studies (3 to about 5 years, depending on the study) was obtained by risk equations using the following model inputs: R (t = 3 to approximately 5, T = duration of disease, risk factors, including HbA 1c , systolic BP, total cholesterol, high-density lipoprotein at baseline, age in years at diagnosis of diabetes minus duration of disease).
Model modification: inclusion of cardiovascular history
The UKPDS risk engine was based on newly diagnosed, drug-naïve patients without a previous history of cardiovascular disease; however, history of disease is considered one of the most important predictive factors for cardiovascular outcomes in subjects with T2DM. To address the potential impact of previous cardiovascular history on the estimation and/or prediction of cardiovascular event rate using the original UKPDS model, several outcome studies of patients with previous cardiovascular history were included in model development and analysis. The relative risk for patients with previous cardiovascular history versus those without cardiovascular history was calculated by meta-analysis, which weighted relative risk of the individual study by total patient-years (Appendix 5). The relative risk ranged from 1.5 to 2.2, with an overall estimated relative risk of 2.0 for these studies (Table 1 ). In addition, a recently published combined analysis, which included ACCORD, ADVANCE, UKPDS, and VADT data, summarized the pooled number of MACE events for subjects with and without a cardiovascular history. The relative risk of MACE for subjects with a cardiovascular history for this combined study was calculated as 2.1, 24 which is very close to the estimated value from meta-analysis. Accordingly, the value of 2.0 was incorporated into the modified UKPDS model to adjust for prior cardiovascular history (Appendix 2B).
Results
Subject demographics
Summary data from the ACCORD, ADVANCE, VADT, RECORD, PROactive, ADOPT (A Diabetes Outcome Progression Trial), and BARI 2D studies were used for model development (Table 2) . Collectively, the total population used for this analysis included 39,585 subjects, primarily from North America, Europe, and Asia. The patient population ranged from 52% (RECORD) to 97% male (VADT), and mean age ranged from 57 years (ADOPT) to 62.4 years (BARI 2D). The average body mass index across the studies ranged from 28 to 32.2 (considered obese). Importantly, in this analysis the composite study population showed a wide variation in duration of diabetes (,3 years [ADOPT] to 11.5 years [VADT]), baseline HbA 1c levels (7.4% [ADOPT] to 9.4% [VADT]), and history of cardiovascular disease 
Risk assessment using the original UKPDS model
When using the original UKPDS model to predict annualized MACE event rates from the aforementioned outcomes studies, there is an apparent overestimation of risk across studies; with the exception of PROactive, the ratio of predicted versus observed event rates was higher than 1.2 (Table 3A and Figure 1) . Importantly, the magnitude of the overestimate was not consistent across studies: the ratio of predicted versus observed event rates ranged from 0.9 to 2.0, with a mean of 1.5 ± 0.4 and a coefficient of variation of 26% (R 2 = 0.80). Two studies deserve specific mention. In PROactive, the estimated event rate with the original UKPDS model was lower than the observed event rate. In BARI 2D, in which all subjects had a previous cardiovascular history, the magnitude of the difference between observed and predicted event rates was much smaller compared with the other studies, even though the predicted event rate was somewhat larger than the observed event rate.
Risk assessment using a modified UKPDS model
The UKPDS risk equations provide estimates for probability of coronary heart disease complications and stroke and the relative risk associated with potential risk factors. However, the risk equations may not be directly applicable to data from patients with a long history of diabetes and a previous cardiovascular history because they were derived from drugnaïve patients without a cardiovascular history. The results from this modified UKPDS model analysis demonstrate that when the risk equations were adjusted for prior cardiovascular history, the predictions for MACE were more consistent between studies (Table 3B ) and closer to the mean regression line (Figure 2 ). The ratio of predicted versus observed event rates ranged from 1.8 to 2.4, with a mean of 2.1 ± 0.25 and a coefficient of variation of 13% (R 2 = 0.94).
Discussion
The generalizability of the original UKPDS risk engine for use in the broader population of subjects with T2DM is limited, since utilization of the UKPDS risk engine, when applied to other individual outcomes studies, tended to generate inconsistent and more often overestimate the macrovascular cardiovascular event rate. The analysis in this paper provides a quantitative summary of the extent of overestimation and inconsistency of the original UKPDS risk engine using summary risk factor data from the ACCORD, ADVANCE, VADT, RECORD, PROactive, ADOPT, and BARI 2D studies to the UKPDS risk engine results in an inconsistent overestimation of MACE rates by a factor of 1.5 (range 0.9-2.0), with a high degree of variability (coefficient of variation, 26%). However, with the proposed inclusion of cardiovascular history in the UKPDS risk engine (using an adjustment factor of 2.0 derived from risk estimates from the individual studies and from a recently reported meta-analysis), this modified UKPDS model provides a more consistent (although still overestimated) event rate, with a lower degree of variability (coefficient of variation, 13%). Therefore, by including submit your manuscript | www.dovepress.com Dovepress Dovepress cardiovascular history in the UKPDS risk engine, variability is reduced by 50%, thereby enhancing the general precision of assessment of the event rate.
The consistency of the proposed modifications of the UKPDS risk engine has the potential for use in benchmarking to calculate the risk of MACE in subjects enrolled in current clinical studies. This analysis should be considered exploratory, and further validation of these findings will be achieved through prospective analyses of ongoing clinical studies. The predicted event rate should be interpreted within the context of the relative relationship between predicted and observed event rates across all studies, using the regression line accordingly. For example, using the regression line, if the modified UKPDS model-predicted MACE event rate is 3%, then the likely observed event rate would be approximately 1.4.
There are several limitations to this study. First, the UKPDS model inputs of years 1 and 2 for HbA 1c , systolic BP, total cholesterol, high-density lipoprotein, and age in years at diagnosis of diabetes are not available. For comparison purposes, Figure 2 Predicted versus observed MACE rates with a regression line using the modified UKPDS model. Notes: A regression line was fitted with predicted rates as the dependent variable and observed rates as the independent variable. The estimated ratio of predicted rate versus observed rate is 2.1 (95% confidence interval 1. event rates were estimated based on the assumption that all subjects had similar HbA 1c , systolic BP, total cholesterol, and high-density lipoprotein levels at the time of their initial diagnosis, adjusting age for the duration of T2DM. This may have affected prediction of the event rate. Second, modification of the UKPDS model to include a cardiovascular risk estimate of 2 for subjects with previous cardiovascular history, while based on published information on cardiovascular risk, requires validation (ie, patient-level data from specific studies). Third, systematic analysis needs to be performed to understand the physiologic basis for the overestimation of risk observed in this (and other) studies. Fourth, in this analysis, the comparison of MACE events was examined only with regard to baseline characteristics. In fact, in recent analyses conducted by Lu et al and others, UKPDS modeling was not appropriate for predicting specific short-term risk of coronary heart disease events submit your manuscript | www.dovepress.com
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in patients with long-standing type 2 diabetes or metabolic syndrome, partly because of changes in medications used by patients with diabetes and other clinical care since the UKPDS studies were conducted. 25, 26 Further evaluation of dynamic prediction is needed based on individual patient data, and this is an area for future exploration. Therefore, its use should be considered for examination of population risks, and should not be considered as a tool for prediction of risk in individual patients.
Taken together, the results of this analysis assume significance because the sample population included over 39,000 subjects across the wide spectrum of duration of T2DM, age, and cardiovascular history. In this context, this overall population is more representative of the population likely to be seen in clinical practice. Thus, risk predictions based on this study population have relevance when establishing baseline MACE risk in populations to be evaluated in prospectively designed clinical studies. Accordingly, minimization of variation becomes essential to establish risk prediction in order to design and power clinical studies to meet the new United States Food and Drug Administration guidance protocols for determination of cardiovascular safety.
The observations presented in this study are consistent with those reported by Kengne et al, who found that the UKPDS model overestimated cardiovascular risk in the ADVANCE study by a similar magnitude. These investigators suggest that differences in baseline profiles, similarities in patient population characteristics, and use of concomitant medications that may modify the natural course of cardiovascular disease may provide in part an explanation for the overestimation of cardiovascular risk using the UKPDS risk engine. 20 Similar findings were reported by Song and Brown in a population from Scarborough, UK 27 and by Simmons et al in the EPIC-Norfolk cohort. 28 Finally, in restricted populations, the UKPDS and Framingham risk engines may not be highly predictive. 7, 29 Collectively, these data suggest that the UKPDS risk engine may have general applicability, but should probably be used with caution when key demographic, ethnic, or cardiovascular risk factors in the population to be studied differ significantly from those of the UKPDS cohort. In addition, contributors to sources of environmental bias may be mitigated when analyzing largescale, globally conducted clinical studies.
Conclusion
As patients with an increased background of cardiovascular risk become more common in clinical trials, it is essential to assess the prediction of future cardiovascular events to ensure that studies are adequately powered and yield enough events to determine the cardiovascular safety of new diabetes agents. Notwithstanding the limitations of the current study, the proposed modifications to the UKPDS risk engine may provide a more useful (albeit overestimated) measure of cardiovascular risk that can be used as a benchmark for more precise prediction of event rates in prospectively designed clinical trials. Furthermore, these can be subsequently recalibrated and validated using patient-level information derived from the clinical studies to yield greater predictability.
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